The influence of granular sand on the efficiency of metallic iron (Fe 0 
Metallic iron (Fe 0 ) has been demonstrated in numerous studies to represent the best available material for subsurface permeable reactive barriers [1] [2] [3] [4] [5] . Fe 0 has also been demonstrated as a highly efficient material for wastewater treatment and safe drinking water provision [5] [6] [7] [8] [9] [10] . In all these applications Fe 0 is routinely mixed with inert materials. The most used additive is sand [11] [12] [13] [14] [15] . Reported goals of mixing sand and Fe 0 are: (i) meeting design requirements (goal 1), (ii) saving Fe 0 costs (goal 2), and (iii) delaying particle clogging (goal 3). However, actually there is no conclusive experimental evidence to demonstrate that Fe 0 /sand mixtures are more or less effective than pure Fe 0 systems [16] .
The relevance of mixing iron and sand was recognized since the early phase of technology development [17] . However, the literature still contains limited information on Fe 0 /sand mixtures [15] . The need for systematic work aiming at establishing the practical use of Fe 0 /sand mixtures has been recently theoretically discussed as summarized in ref. [18] .
Results concluded that, when designing a Fe 0 treatment system, priority must be placed on the aforementioned goals number 1 and 3, stating that goal number 2 (low cost) is required, but not an instrinsic requirement of a Fe 0 filtration system. In fact, mixing Fe 0 and sand is regarded as reducing the proportion of Fe 0 , and thus 'creating' or 'leaving' room for sustained iron corrosion [19, 20] . In other words, theoretical studies disprove the view of Ulsamer [16] .
Moreover, Fe 0 /sand systems are more sustainable than pure Fe 0 system as a rule [18] . On the other hand, the statement of Ulsamer [16] resulted from a critical literature review, showing that available data are not univocal [15] . These data resulted mostly from columns studies [15, 21, 22] . While a column experiment is the most effective method to investigate the mechanisms behind the efficacy of a Fe 0 filtration system, a well-designed batch experiments could be useful in fine-tuning some relevant aspects at the laboratory scale [5] . For example goal 3 (avoiding or delaying particle clogging) can be properly investigated in batch systems using tubular vessels enabling juxtaposition of used materials at the bottom of the vessel.
Laboratory essay tubes are such vessels [23] . [31, 32] .
The conclusions of Kim et al. [12] are consistent with the view, that sand delays clogging [17, 22] . Clogging delay is achieved by decreasing the proportion of reactive Fe 0 which progressively fill the connected pores with expansive corrosion products having a volume 2.1 to 6.4 larger than Fe 0 is the metal [33] . By mixing Fe 0 with inert sand, a certain pH control can also be achieved as the proportion of Fe 0 inducing pH elevation is limited [15] . While the optimal proportion of Fe 0 relevant for the design of Fe 0 filtration systems can not be achieved in batch experiments the qualitative compaction can be observed. 
Background of the experimental methodology
Methylene blue (MB) is a cationic dye which is preferentially adsorbed onto negatively charged surfaces [34, 35] . The application of MB adsorption in environmental science was demonstrated affordable, applicable and rapid [34, 36, 37] . MB adsorption is also widely used in the context of 'Fe 0 for environmental remediation' (e.g. in Fe 0 /H 2 O systems) [37, 38] .
MB discoloration in Fe 0 /H 2 O systems
In Fe 0 /H 2 O systems, MB discoloration results from the synergy between (i) adsorption onto in-situ generated iron oxides and (ii) co-precipitation with nascent iron hydroxides [8, 10] . It is essential to note that discoloration by a redox process (E 0 = 0.01 V at pH 7 vs. E 0 = -0.44 V [39] , the obvious case that sand addition may increase MB discoloration is not considered.
The used methodology for the investigation of the impact of sand on MB discoloration by Fe 0 comprises testing the validity of Assumption 1 and Assumption 2 by following the MB discoloration in the presence (absence) of sand. For this purpose, the addition of sand is tested as a tool to delay the availability of "free" corrosion products. In-situ generated iron corrosion products are adsorbed onto the sand surface, worsening its capacity of MB adsorption [39] .
Adsorbed corrosion products are not available to enmeshed MB in the vicinity of Fe 0 .
Materials and methods

Solutions
The used MB was of analytical grade. The working solution was 10.0 mg L -1 . The solutions were prepared by diluting a 1000 mg L -1 stock solution. for MB. In particular, discoloration agents are progressively generated in-situ [41, 42] .
Therefore, the discoloration capacity of used Fe 0 can not be exhausted within the experimental duration (≤ 42 days).
Sand
The used sand was a commercial material for aviculture ("Papagaiensand" from RUTLehrte/Germany). Papagaiensand was used as received without any further pre-treatment nor The essay tubes were amended with materials and MB solution as described above and allowed to equilibrate on a rotary shaker at 75 rpm for 7 days.
Each experiment was performed in triplicate and averaged results are presented.
Analytical methods
MB aqueous concentrations were determined by a Cary 50 UV-Vis spectrophotometer (Varian) at a wavelength of 664.5 nm. Cuvettes with 1 cm light path were used. The spectrophotometer was calibrated for MB concentrations ≤ 15 mg L -1 . The pH value was measured by combined glass electrodes (WTW Co., Germany).
Expression of experimental results
After the determination of the residual MB concentration (C) in batch studies, the corresponding percent MB discoloration was calculated according to the following equation (Eq. 1):
where C 0 is the initial aqueous MB concentration (10.0 mg L -1 ), while C gives the MB concentration after the experiment. The operational initial concentration (C 0 ) for each case was acquired from a triplicate control experiment without additive material (so-called blank).
This procedure was to account for experimental errors during dilution of the stock solution, MB adsorption onto the walls of the reaction vessels and all other possible side reactions during the experiments.
Results and Discussion
The initial pH value of the MB solution was 8. days. It is seen that, based on the used masses, Fe 0 is a more efficient MB discoloration agent than sand. MB discoloration is levelled at about 60 % in the pure Fe 0 system and at about 45 % in the pure sand system. In both systems, a pseudo-equilibrium is observed due to the slowness of MB diffusion to the surface of the adsorbing material at the bottom of the essay tubes. In the pure sand system, the adsorption capacity might be achieved for a long enough experimental duration. In Fe 0 -containing systems on the contrary, the adsorption capacity can not be exhausted at the laboratory scale, because completed depletion of Fe 0 should be achieved. validated. This observation is rationalized at first glance by the fact that sand is a good adsorbent for MB [39, 40, 43, 44] . Adsorption on sand occurs with a more rapid kinetics than short term batch experiments [1, 5] . Usually these experiments are performed under mixing conditions (mixing type, mixing intensity) which are no relevant for experimental situations [45] . Recent works have shown that while using the experimental design of the present study, the shaking intensity should not exceed 50 rpm [23, 41, 42] to be relevant for field situations.
The next section presents results of experiments obtained when the systems presented above were shaken at 75 rpm for 7 days (1 week). This shaking intensity (> 50 rpm) was selected to increase the probability to observe difference with non-disturbed conditions within 7 days. 
Shaken batch experiments
Removal mechanisms
The use of adsorbing agents to accumulate reducible species in the vicinity of Fe 0 media has been extensively reported in the literature [5] . However, the driving force for the transfer of adsorbed species to the Fe 0 surface has not been identified/reported [46] . 
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Concluding remarks
This study has investigated the effect of mixing granular iron with sand for methylene blue (MB) discoloration. Three ranges of sand mass loading were tested: (i) absence of sand (pure 
